Metal-organic framework (MOFs) based composites have received more research interest for photocatalytic applications during recent years. In this work, a highly active, visible light photocatalyst BiOBr/UiO-66-NH 2 hybrid composite was successfully prepared by introducing various amounts of UiO-66-NH 2 with BiOBr through a co-precipitation method. The composites were applied for the photocatalytic degradation of RhB (rhodamine B) dye. The developed BiOBr/UiO-66-NH 2 composites exhibited higher photocatalytic activity than the pristine material. In RhB degradation experiments the hybrid composite with 15 wt% of UiO-66-NH 2 shows degradation efficiency conversion of 83% within two hours under visible light irradiation. The high photodegradation efficiency of BUN-15 could be ascribed to efficient interfacial charge transfer at the heterojunction and the synergistic effect between BiOBr/UiO-66-NH 2 . In addition, an active species trapping experiment confirmed that photo-generated hole + and O 2 À radicals are the major species involved in RhB degradation under visible light.
Introduction
Water pollution caused by organic pollutants is one of the main environmental problems for human society. Among various techniques, such as physical, chemical, and biological degradation of organic pollutants in wastewater, photo-reduction through semiconductors is one of the promising strategies used to effectively degrade organic pollutants. 1 A lot of conventional semiconductors, named TiO 2 , 2 ZnO, 3 and Cu 2 O 4 have been widely studied for photocatalysis. However, they oen restricted because of their lower absorptive properties for pollutants as well as low absorbance in the visible spectra range. [5] [6] [7] Metal-organic frameworks (MOFs), a new class of hybrid porous materials, get much research interest in last few years. Because of their attractive properties, such as designable framework architecture, tunable pore size, high specic surface areas, and the possibility of being functionalized, 8 it has been used in many elds like gas storage, separation, biomedicine, catalysis, and sensor devices. Recently research interest has been focused on their utilization as photocatalysts for organic pollutants removal. 9 Many MOFs, such as MOF-5, 10 MIL-53(Fe), 11 MIL-88(Fe), 12 and MIL-101(Fe) 13 could be excited under UV-visible-light due to their ligands to metal charge transfer.
14 However, compared to the inorganic semiconductor, the performance of MOFs is quite low because MOFs' are not enough efficient in solar energy conversion and separation of photogenerated charge transfer. Recently, incorporation of MOFs with light-harvesting semiconductor materials has been well known as an effective way for the production of the effective photocatalysts. Compared with MOFs themselves, the hybrid nanocomposite shows signicant results due to their synergistic effect. For example, the micro core-shell structure of MIL-125(Ti) and In 2 S 3 and its application as a photocatalyst for tetracycline's removal from water.
15 MIL-88(Fe) and MIL-53(Fe) were decorated by GO (graphene oxide) for the rhodamine B (RhB) degradation under visible light irradiation.
16,17
Ag/AgCl/MIL-101 hybrid composites were applied for the RhB degradation under visiblelight. 18 In these examples, MOFs supported semiconductor composites shows better photocatalytic performance compared to the unsupported semiconductor materials. Therefore, MOFs are considered to be an ideal support for semiconductor materials for the photocatalytic applications in wastewater treatment. Amongst all of the MOF-based photocatalysts UiO-66-NH 2 , a Zrcontaining MOF composed of hexameric Zr 6 O 32 units linked by 2-aminoterephthalic acid (ATA) have been most widely investigated.
19-21 Though UiO-66-NH 2 has been used in a number of photocatalytic applications, but its performance is relatively low compared to other reported MOFs based photocatalysts, because of its inefficient charge transfer from the excited ligands (ATA) to the Zr-O clusters, which is the most general photochemical process in MOF based nanocomposite.
22 Therefore, to nd some strategies to improve the prociency of the charge separation in UiO-66-NH 2 is appropriate for its use in photocatalysis. Several strategies, such as loading of noble metal nanoparticles and modifying of organic linkers have been developed for the improving of their photocatalytic activity. 23 Recently, Li et al. investigated that a partial substitution of Zr in NH 2 -UiO-66 by Ti can improve the photocatalytic performance of this material for both CO 2 reduction and H 2 evolution. 24 On the other side, a number of reports are available in literature that focusing on bismuth oxyhalides (BiOX, X ¼ Cl, Br, I) based photocatalysts, because of their high photocatalytic activity and comparatively convenient synthetic procedure. [25] [26] [27] [28] Among all of these bismuth oxy-halides, BiOBr has many reports in the literature for photocatalytic degradation of organic dyes under visible light irradiations. 29, 30 It has been found that photocatalytic activity can be enhanced by the combination of two different semiconductors via a synergistic effect, through which more efficient charge separation take place. 31, 32 In the current work, BiOBr/UiO-66-NH 2 (named as BUN system) composites have successfully synthesized by Co-precipitation method for the enhancement of the photocatalytic activity of BiOBr akes and UiO-66-NH 2 through a synergistic effect. The results showed that the BiOBr/UiO-66-NH 2 photocatalysts have greatly enhanced RhB photodegradation efficiency under visible light irradiation compared with pristine. Additionally, the probable photocatalytic mechanism for the RhB dye degradation over BiOBr/UiO-66-NH 2 is also discussed.
Experimental

Materials
Bismuth nitrate pentahydrate (BiNO 3 ) 3 $5H 2 O, zirconium chloride (ZrCl 4 ), sodium bromide (NaBr), and 2 amino-1,4-benzene dicarboxylic acid (H 2 BDC-NH 2 , C 8 H 7 NO 4 (99%)) were obtained from Alfa Aesar, China Co. N,N-Dimethylformamide [DMF], ethanol, and acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All of the chemicals and solvents were of analytical grade and used without further purication.
Characterization
X-ray powder diffraction (XRD) patterns of the UiO-66-NH 2 , BiOBr and BUN-X were recorded with a D8-Discover (Bruker, Germany) operating with Cu Ka radiation at 30 kV and 10 mA with a scanning angle (2q) ranges from 5 to 80 at the scanning rate of 10 deg min
À1
. The morphologies of the prepared samples were observed through a scanning electron microscope (SEM) model (EPMA-8705QH2, Shi-147 Shimadzu Co, Japan). Nitrogen adsorption-desorption isotherms were measured by a Micromeritics ASAP 2020 M system at liquid nitrogen temperature (77 K). The specic surface area (BET) was derived using the Brunauer, Emmett, and Teller (BET) method. The pore size distributions and the average pore diameter were measured using the BJH pore method. X-ray photoelectron spectroscopy (XPS) was conducted on a 2000 XPS system with a monochromatic Al-Ka source and a multichannel detector. Before the test, the calcined sample was reduced in H 2 at 250 C for 2 h. The obtained binding energies were calibrated using the C 1s peak as a reference at 286.4 eV. The experimental error was given within AE0.1 eV. Fourier transform infrared spectroscopy (FT-IR) was carried out with a Germany Bruker Company EQUI-NOX55 by means of KBr pellet technique with 163 scanning wavelength range of 4000-400 cm
. The actual amount of contents in the composites were evaluated by ICP-MS.
Synthesis of UiO-66-NH 2
UiO-66-NH 2 was prepared according to the reported protocol with slight modications. 33 In a typical procedure, a mixture of ZrCl 4 (0.233 g, 1.0 mmol) and 2-amino-1,4-benzene dicarboxylic acid (0.1812 g, 1.0 mmol) was dissolved in 50 mL of DMF, then the solution was transferred to a 100 mL Teon-lined stainlesssteel autoclave. The autoclave was sealed and heated at 140 C for 24 hours. Aer cooling to the room temperature, the product was obtained by centrifugation, washed by ethanol three times to remove DMF molecules, and dried under vacuum at 70 C overnight. to the room temperature, the products were obtained by centrifuging, thoroughly washed with water and absolute ethanol to remove the ionic species, and dried at 70 C overnight.
Synthesis of
Evaluations of photocatalytic activity
Photocatalytic activity of the prepared composites was studied by the photodegradation of rhodamine (RhB) dye through visible light illumination in the photochemical reaction cell, equipped with a 500 W Xe lamp. Each experiment was run with 40 mg of the catalyst and 250 mL of 10 mg L À1 RhB dye. Before exposing to the visible light irradiation, the solution was ultrasonicated for 5 minutes followed by magnetic stirring for 30 minutes without light in order to achieve the adsorption equilibrium between the RhB molecules and catalyst. Aer exposing to the visible-light irradiation with continuous stirring, a 5 mL solution was collected, and ltered through a syringe lter (PTFE, hydrophobic 0.45 mm) to remove the product. The absorbance value of dye was measured at a 553 nm wavelength through UV-vis spectrophotometer (Perkin Elmer, Lambda 35).
Photoelectrochemical measurement
The photocurrent measurements were performed in a conventional three electrodes cell, containing a Pt plate as a counter electrode, Ag/AgCl as a reference electrode, composites coated ITO plate as a working electrode and 0.3 M Na 2 SO 4 aqueous solution as an electrolyte solution. The working electrode was prepared by mixing 8 mg of the prepared samples with 0.5 mL of PEDOT:PSS (solvent) along with 0.5 mL deionized water followed by grinding into a ne slurry. The above-prepared slurries were spread on pretreated ITO glass (0.5 cm Â 1 cm) and dried in an oven at 60 C for 30 minutes. A 500 W Ex. arc lamp with a 400 nm cut-off lter was invoked as the light source in the photo electrochemical measurements.
Photocatalytic mechanism investigation
In order to investigate the photocatalytic mechanism of the prepared photocatalyst, triethanolamine (TEOA), benzoquinone (BQ), and isopropyl alcohol (IPA) were added as a scavenger for (hole + ), 34 superoxide radical (cO 2À ), 35 and hydroxyl radical (cOH) 36 to the RhB solution to give 1 mM concentration and keep all the other experimental conditions remain the same as given for photodegradation experiment.
Result and discussion
Morphology and composition of photocatalysts
The morphological structures of pristine and corresponding composite were studied with the help of X-ray powder diffraction (XRD) technique and the results are given in Fig. 1 . XRD pattern for UiO-66-NH 2 ( Fig. 1(a) ) is in accordance with the literature, which shows a successful synthesis of MOF.
33 XRD diffractogram of BiOBr Fig. 1(b) shows number of diffraction peaks with well index (001), (002), (011), (012), (110), (020), (114), (212) crystal planes that support tetragonal phase for BiOBr. As per the hybrid composite XRD pattern all of the BiOBr peaks and the diffraction peak between 6 and 10 for UiO-66-NH 2 are observed, which indicate the existence of MOF and BiOBr in the composite, it also suggesting that MOF structure remain unchanged under the preparation process, a similar condition can also be found in other BiOBr/MOFs system. 37 However, some changes were observed in the crystals facets especially in (001) (012) and (110) crystal planes Fig. 1(b) , which indicates that UiO-66-NH 2 might affect the BiOBr crystals growth that leads to different growing preference of the crystal facets. In order to determine the content of MOF in the prepared composite thermogravimetric analysis was carried out from 10 to 1000 C in air (100 mL min À1 ow) atmosphere at a heating rate of 10 C min À1 as shown in Fig. 1(c) . Pure BiOBr shows a drastic weight loss from 600 C to 700 C owing to the degradation and formation of Bi 2 O 3 , while the TGA curve for UiO-66-NH 2 shows a progressive weight loss at 300 C with a clear shoulder at 100 C, which indicates the removal of physisorbed water as well as solvent molecules, while the weight loss from 300 to 500 C shows the complete decomposition of MOF structure leads to the formation of ZrO 2 . 38 In the TG study of BUN-15, the weight loss from 350 to 500 C is due to the decomposition of UiO-66-NH 2 , while the changes take place from 550 to 700 C is due to decomposition of BiOBr. FTIR spectra of BiOBr, UiO-66-NH 2 , and the BUN-15 composites are given in Fig. 1(d Furthermore, all of the above MOF and BiOBr stretching modes could also be observed in the BUN-15 composite system with a slight shiing suggesting that the co-precipitation method completely retains the original structure and with the successful interaction of BiOBr and UiO-66-NH 2 Fig. 5(d) .
The charge separation efficiency and prolong life time of photogenerated electrons-hole pairs were evaluated by PL (photoluminescence emission spectra). Fig. 2(a) show the PL spectra of pristine UiO-66-NH 2 , BiOBr and BUN-15 with an excitation wavelength of 320 nm in the range of 400-600 nm wavelength. It can be observed that PL emission spectra of BUN-15 composite are lower than pristine BiOBr and UiO-66-NH 2 which shows that there is a low recombination of photogenerated electron-hole pairs. These results implied that BUN-15 has remarkably enhanced separation efficiency of photoinduced electron-hole pairs, which is well consistence with the results of transient photocurrent observations indicates that photogenerated electrons hole pairs are suppressed further when a heterojunction formed between MOF and BiOBr ( Fig. 2(d) ). 39 The UV-vis diffuse reectance spectra (DRS) of the BUN-15 sample are shown in Fig. 2(b) . The HOMO-LUMO energy band gap of BUN-15 can be estimated from the Tauc's plots using a(hv) ¼ A(hn À E g ) n/2 , where a, h, n, E g , and A are the absorption coefficient, Plank's constant, light frequency, band gap energy, and a constant, respectively. The coefficient 'n' is related to the optical transition of the semiconductors (n ¼ 1 for direct transition and n ¼ 4 for indirect transition). Based on the above equation, the band gap value (E g ) of BUN-15 was estimated as 2.76 eV. The estimated band gaps for pure BiOBr akes and UiO-66-NH 2 are about 2.83 eV and 2.65 eV, respectively. The incorporation of specic amount of UiO-66-NH 2 with BiOBr decreases the catalyst band gap and improves the capability of the catalyst to get more visible light and give higher photocatalytic performance. The N 2 adsorption desorption isotherm of the BUN-15 are shown in Fig. 2(c) , which is greater than pristine BiOBr that may be favorable for the dye adsorption. Fig. 3 represents the SEM images of UiO-66-NH 2 , BiOBr, and BUN-X. It can be seen that UiO-66-NH 2 has an octahedral morphology with an average particle size of less than 200 nm ( Fig. 3(a) ). BiOBr exhibits nanosheets like structure with an average size of about 500-950 nm with diameter less than 50 nm Fig. 3(b) . Pristine BiOBr retains their 2D lamella structure aer 
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Peaks observed at 68.4 eV and 69.2 eV (Fig. 4(b) ) are allocated to the Br 3d 5/2 , Br 3d 3/2 , respectively. The Zr 3d region can be deconvoluted into two peaks for Zr 3d 5/2 and Zr 3d 3/2 located at 182.5 eV and 185.0 eV (Fig. 4(c) ), which are slightly shied as compared to the original UiO-66-NH 2 peaks located at 182.84 eV and 185.17 eV, which suggest that BiOBr/UiO-66-NH 2 composites have been successfully synthesized. 41 The O 1s peak could be deconvoluted into two peaks located at 532.0 eV and 530.20 eV (Fig. 4(d) ), which can be attributed to the carboxylate and other oxygen containing species.
42 C 1s peaks Fig. 4 (e) are deconvoluted into three peaks located at 286.6 eV, 285.7 eV and 288.4 eV, which are assigned to the C-C, C-H (Sp 2 ) and C-N species and the carboxylate (O-C]O) group of ATA linkers, respectively. [43] [44] [45] Summarizing the above results, we can say that the enhanced photocatalytic activity of BUN-15 originates from the efficient interfacial charge transfer of the composite.
The morphology of these samples were also studied by TEM as shown in Fig. 5 . It can be clearly observed from the TEM Fig. 5(c) that the MOF and BiOBr akes are distributed uniformly without aggregation and well intercrossed with each other.
Photocatalytic activities of BiOBr, UiO-66-NH 2 and BUN-X
The photocatalytic activities of BiOBr, UiO-66-NH 2 , and the prepared composites were evaluated by using the degradation of RhB under visible light irradiation. Self-photodegradation of dye are negligible as can be seen from (Fig. 6(a) ) as the blank test. Owing to the poor charge separation efficiency of photogenerated electrons-holes pairs of MOF and small BET surface area of BiOBr, both UiO-66-NH 2 and BiOBr shows low photocatalytic activity before combining as shown in Fig. 6(a) . However, the hybrid composites exhibit enhanced photocatalytic performance by degrading 83% of the RhB by BUN-15, 80% by BUN-20, and 81% by BUN-25 under visible light illumination for two hours of time (Fig. (S5 †) ), which is because of the combination of two semiconductors. Comparative UVvisible absorption spectra of RhB degradation over BUN-15 is shown in Fig. 6(b) . One can see from Fig. 6(b) that the absorption peak value decreases with time and the results shows that the maximum absorption peak of RhB is blue-shied, which is related with the de-ethylation process.
46 By comparing the results of BUN-X composites, BUN-15 shows higher photocatalytic activity for RhB degradation, which indicates the synergetic effect between BiOBr and UiO-66-NH 2 . The kinetic curve over BUN-X photocatalysts for RhB degradation are plotted according to the pseudo-rst-order kinetic model (ln C 0 / C ¼ kt) and the K value are given in Fig. 6(d) . The degradation rate order for the prepared photocatalysts is 0.01176 min BUN-15, but still higher than pristine BiOBr and UiO-66-NH 2 . This indicates that there is an optimum percentage value of content for the effective catalysts. Similarly, the little or more amount of UiO-66-NH 2 adversely affects the properties of the effective material in BUN-X composites, which is not suited for the material interfacial charge transfer. 47 In addition, to further reveal the contribution of the composite structure of BiOBr and UiO-66-NH 2 for dye degradation, a general experiment was carried out by the composites having an equal mass percent of BUN-15 through mechanically mixing method (Fig. 6(a) BUNmix) . The photocatalytic efficiency of BUN-15 was much greater than in physically mixed one, and an expected potential interaction has been formed between BiOBr and UiO-66-NH 2 which are more suitable for the transfer of photogenerated electron-hole pairs between them. Because of the random pattern between them, the accessible interspaces remains decreases. Thus, compared to the pure BiOBr, the BUN-15 composites have more accessible surfaces to interact with dye (RhB) molecules, which leads to an enhancement in the RhB degradation rate owing to the more transfer of electrons. 48 
Possible photodegradation mechanism of RhB dye
In order to explore the mechanism involved in photocatalytic degradation of RhB dye over BUN-15, the active species radical experiments were carried out by introducing TEOA as (holes + scavenger), IPA for cOH radical, and BQ used for cO 2 À radical scavenger, as shown in Fig. 6(c) . It can be seen from the gure that with the addition of TEOA the degradation rate is signi-cantly affected and decreases up to 30%, while with the addition of BQ the degradation decreases to 52%, which clearly indicates that the (h + ) and cO 2 À radicals are the major species involved in the degradation of RhB dye. Similarly, no effect on the degradation process was observed with the IPA addition, which supports that cOH radical has no role in the RhB degradation process. 41 Jiang et al. investigated the RhB degradation by photo catalytically generated (h + ) from BiOBr oxidation due to the dye adsorption on catalyst surface. 49 The at-band potential of UiO-66-NH 2 was reported as (À0.60 V vs. NHE) which is more negative than the redox potential of O 2 À (0.28 V vs. NHE) and the calculated conduction band potential (CB is 2.15 vs. NHE).
50
The band edge position of BiOBr were evaluated by the empirical formula.
In which the X is the electronegativity of the semiconductor, the geometric mean of the absolute electronegativity of the constituent atom. E e is the energy of free electron on hydrogen scale (0.45 V) and E g is the band gap energy. The band edge potential VB of BiOBr were calculated as 3.11 and the CB edge potential were estimated to be 0.27 according to empirical formula (1) and (2) . Based on the above discussion a schematic diagram of the formation of BiOBr/UiO-66-NH 2 and separation of photogenerated charge has been proposed in Scheme 1. The CB potential edge of BiOBr is not enough negative to reduce O 2 to O 2 -and further reduce RhB dye, so by considering the redox potential of RhB and excited RhB* are (0.95 V and À1.42 V vs. NHE) respectively. A reasonable explanation is that considering the potential of UiO-66-NH 2 (À0.60 V vs. NHE), direct electron transfer from RhB* to MOF is thermodynamically favorable then the electron could reduce the O 2 to O 2 À redial and further reduce the dye. 52 Once the BiOBr and UiO-66-NH 2 combine together the synergetic effect between the semiconductors can drive the migration of photogenerated and injected electron from UiO-66-NH 2 to BiOBr whereas the photogenerated holes transfer from BiOBr to MOF. The continuously transfer of electron and holes between the semiconductors increase the life time of charge carriers improving the efficiency of interfacial charge transfer. The photogenerated electrons can be captured by adsorbed O 2 to generate reactive O 2 À radicals, and then can breakdown the RhB dye. The photogenerated holes could serve as active sites for the photodegradation of organic contaminant.
Based on the above discussion, a plausible mechanism for the photocatalytic degradation of RhB dye by BUN-15 composite is presented in Scheme 1. In practical application the photocatalyst stability is very important, thus the stability of BUN-15 was also evaluated. Aer every photodegradation experiment, it was separated from the solution by a centrifuge, washed with methanol and water for many times, dried, and used again for the next cycle. Furthermore, the XRD test was also carried out aer four cycles of photodegradation as given in Fig. 7(a) and the hybrid composites were found to be reused with enhanced photocatalytic activity. However, the photocatalytic efficiency of the catalyst decreased up to a certain extent with the reusing of time (Fig. 7(b) ), which may be because of the adsorption of dye molecules in the pores of the catalyst surface.
Conclusion
A number of BiOBr/UiO-66-NH 2 hybrid composites with various amount of MOF were synthesized by co-precipitation method and applied for photocatalytic degradation of RhB dye. Most of the hybrid composites exhibited higher photocatalytic activity 
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